UNCLASSIFIED

v 416496

DEFENSE DOCUMENTATION CENTER

FOR |
SCIENTIFIC AND TECHNICAL INFORMATION

CAMERON STATION, ALEXANDRIA, VIRGINIA

UNCLASSIFIED



NOTICE: When government or other drawings, speci-
fications or other data are used for any purpose
other than in connection with a definitely related
government procurement operation, the U. S.
Government thereby incurs no responsibility, nor any
obligation whatsoever; and the fact that the Govern-
ment may have formulated, furnished, or in any way
supplied the said drawings, specifications, or other
data is not to be regarded by implication or other-
wise as in any manner licensing the holder or any
other person or corporation, or conveying any rights
or permission to manufacture, use or sell any

patented invention that may in any way be related
thereto.



H~6&-g

DASA 1369

AN EXPERIMENTAL DRAG FACILITY

by
M. L. Whitfield
E. M. Briggs
R. K. Gregory
R. C. DeHart

| Project No. 1029-3

! Contract DA 49-146-XZ-062

FINAL REPORT

Prepared for

Defense Atomic Support Agency
Washington 25, D.C.

March 15, 1963 E} D «:;
TN, ORI
F’ui T R

Mﬁp 12 1964
E’j[Eu v S

TISIA B

SOUTHWEST RESEARCH INSTITUTE

SAN ANTONIO, TEXAS




~
DASA 1369
3
SOUTHWEST RESEARCH INSTITUTE
8500 Culebra Road, San-Antonio 6, Texas
Department of Structural Research
—~

AN EXPERIMENTAL DRAG FACILITY

by

‘Briggs
Gregory
. DeHart

L. Whitfield

M.
E. M
R. K
R. C

Project No. 1029-3

Contract DA 49-146-XZ-062

| FINAL REPORT

Prepared for

[ Defense Atomic Support Agency
l ' Washington 25, D.C.

March 15, 1963

l APPROVED:

| Lo o AC Do \\ZWL

R. C. DeHart, Director
Department of Structural !
Research




It

ABSTRACT

Experiments performed during the initial phase of a program
sponsored by the Defense Atomic Support Agency (DASA) under contract
DA 49-146-XZ-062 have shown that solid propellants can substantially
supplement and prolong the positive pressure pulse in a standard shock
tube, provided that proper design and operational procedures are observed.
The extra energy from the solid propellant allows for expedient simulation
of nuclear blast wave conditions within the tube.

Three types of solid propellant rocket motors from standard stock
were utilized. Pressure, temperature, and velocity characteristics of
gas flow generated by the motor and discharged through a nozzle into the
tube were recorded as a function of time at several locations down the
tube. In addition, a unique technique for generating a shock wave at a
preselected time during the high velocity gas flow was developed.
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1. INTRODUCTION
1.1 General

During the nuclear moratorium, simulation of nuclear blast
waves was of prime importance because of the continuing need to develop
information which would improve the nation's defense posture. Since the
duration of a nuclear blast wave is longer than the duration of the blast
wave generated in so-called standard shock tubes, various means for
generating longer duration shocks needed investigation, One of the most
plausible concepts was the addition of energy behind the shock wave in a
standard shock tube. The feasibility of this suggestion was theoretically
demonstrated by work under a prior DASA contract. (1) ‘1t was still neces-
sary, however, to investigate the various problems of practical applica-
tion of the proposed technique. Accordingly, a program for experimentally
establishing the feasibility of using solid propellants to prolong the shock
wave duration in a shock tube was sponsored at SwWRI by DASA under con-
tract DA 49-146-XZ-062. Work concerning the simulation of an atomic
blast is reported herein.

The solid propellant driven tunnel has the additional inherent
capability of being able to produce an environment similar to that exper-
ienced by an object re-entering the atmosphere from space. Consequently,
the scope of the original project was broadened to include an "evaluation
of the drag facility principle to determine its usefulness for investigating

the shock loading of re-entry bodies in flows of over 7000 fps.' The

research conducted on this extended scope of the contract is contained in
a separate report, Reference 2. :

1.2 Scope of Work

The primary objective of the research was to investigate exper-
imentally the feasibility of generating in a long tube conditions typical of
a nuclear blast wave by controlled burning of solid propellants. Dynamic
pressures of 100 psi and 1 second duration were to be generated in an 8<in.
diameter tunnel through the use of currently available rocket motors.
Sufficient measurements of flow parameters were to be made to confirm
the actual environment conditions in the tunnel and to provide a means for
comparison with existing theory. Also, a method for providing a strong
shock front in the event it did not naturally occur was to be devised.
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1.3 Summary of Results

The general test procedure consisted of firing a preselected
rocket motor expanding the flow through an expansionndzzle into tunnels
having the dimensions shown in Figures 2.1 and 2.3 and measuring the
flow parameters. The flow parameters were measured by means of
various calibrated instrumentation devices. Quantities measured were
dynamic pressure, stagnation pressure, static pressure, temperature,
stagnation temperature, and velocity. Continuous recordings of these
instruments were taken throughout the duration of the gas flow. These
data are shown in Appendix A.

The results of the experiments are summarized in Table 1.1. The
dynamic pressure of the flow was directly measured in two tests with two
Broadview dynamic pressure gages. In shot 2 a dynamic pressure of

73 psi was measured at station 13 (13 ft from the nozzle exit), and in shot

4 the dynamic pressure was 58 psi at station 82; however, it is believed

that temperature effects caused some inaccuracy in the measurements.
Independent measurements of stagnation pressure and static pressure gave

a more reliable value for dynamic pressure that compared favorably with
theoretical predictions, as shown for example in Table 1.1 by the better
correlation with theory in shots 6 through 12. Dynamic pressures varied
from 18 and 20 psi for the Turbine Spinners (T-S) to 100 psi for the Cajuns.
and 150 psi for the Redhead /Roadrunner (RH/RR) in the 8-in. tube and were
30 and 50 psi for the RH/RR'sinthe 17-in. tube as determined from the stag-
nation pressure and static pressure records.

Sustamedduratmn of the dynamic pressures was demonstrated
fo be from 0.6 sec for the small Turbine Spinners, to 1.6 and 2 sec for
the RH/RR, to 2.4 sec for the Cajun as shown in Table 1.1. Some varia-
tion of the durations was measured. This was attributed primarily to
variations of the motor burning time which was influenced by fluctuations
in ambient temperature and/or varying exposures to atmospheric humidity.

The static pressures associated with these dynamic pres-
sures were about 4 psia for the Turbine Spinners, about 15 psia for the
Cajuns, and about 12 psia for the RH/RR in the 8-in. tube and were about 1
and 4. 5 psiafor the RH/RR's inthe 17-in. tunnel, as shown in Table 1.1.

For independent and controlled generation of the shock front, a
separate shock wave generator was developed as shown in Figure 2.19.
It consisted of a massive ring housing that contained cavities for up to
eight high explosive charges. To generate a strong clean shock front,
all the charges had to detonate absolutely simultaneously, which required
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TABLE l.1. EXPERIMENTAL RESULTS

Measured*

P at ¢ max, Predicted#* Tunnel
Test Motor M q, psi psia M q,psi V, fps Diameter

1 T-5 5.5 20 4.4 5.4 18 7500 8"

2 Cajun 3.3 103 15 3.2 120 6700 8!

3 T-S 4.9 T 4 5.4 18 7500 8"

4  Cajun. 3.3 100, 15 3.2 120 6700 8"

5 T-S - - 7 5.4. 18 7500 8"

6 RH/RR 3.5 150 12 3.7 140- 6780 8"

7  RH/RR 5.2 35 2.5 5.17 30 7500 17"

8 RH/RR 5.2 30 1 5.17 30 7500 17"

9 RH/RR 5.2° 30 1 5.17 30 7500 17"
10 T-S “_ - 14 Subsonic 1
11 RH/RR 5.2 30 1 5.17 30 7500 17"
12 RH/RR 4.4 54 4.5 5.17 30 7500 17"

#At Station No.

kAt the Nozzle Exit

Isentropic Conditions

3
AL AR oot e




a high voltage, high energy detonation source. Such a source was developed
and successfully used to fire up to six 8-gram pentolite explosive charges.
This explosive energy blown into the supersonic flow formed a clean shock
front as it was swept down the tube to impinge on the model, Peak over-
pressures at the model varied from 20 psi with 2 charges to 100 psi with

6 charges,

In the 17-in. tunnel which was constructed to facilitate a larger
model for the aforementioned re-entry study, the flow was more efficiently
expanded to higher flow velocity and much lower density which resulted in
a lower dynamic pressure (from 30-50 psi) and a lower static pressure
(1-2 psi) than the 8-in, tunnel,

1.4 Conclusions

Exploratory tests concerning the economic and operational
feasibility of a solid propellant driven tunnel have indicated that it is possi-
ble to create a variety of environments in the tunnel by superposing shock
waves on hypervelocity flow and that the primary difficulty in the develop-
ment of such a test facility is the instrumentation, Initial research has
shown that the discharge of the gas generated by the burning of a solid
propellant into a shock tube is a reasonable means for increasing the dura-
tion of the blast wave generated in a shock tube. Experiments have also
shown that the use of solid propellant type motors for generating high
velocity flow in existing tunnels is practicable, Programmed detonation
of explosives subsequent to motor firing allows for superposing a shock
wave on the flow.

The primary difficulty in the development of instrumentation for
the facility arose from temperature and acceleration effects on the gages.
Water cooling and damped mountings to some extent offset these difficulties,
but specially designed equipment and transducers are needed to improve the
accuracy with which data can be obtained.

The flow in the tunnel was relatively turbulent and pulsated
which made optical measurements difficult, Turbulence control tech-
niques such as those used in wind tunnels are needed if steady flow condi-
tions are to be established in the tube,

The gas being generated by the solid propellant is somewhat lighter
than air and has a lower ratio of specific heats. Special propellant formula-
tions are available and could be tailored for specific blast load problems,
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This research has indicated that improved results can be
achieved. Higher dynamic pressures could be generated with higher
flow rates and/or higher molecular weight propellants. Static pressures
more closely simulating that of surface nuclear blasts could be generated
with higher chamber pressures and/or by deliberately causing a normal
shock in the nozzle to convert the flow to subsonic flow. The duration of
the gas flow could be varied with specially designed propellant grains.
The shock pressures could be controlled by variation of yield and/or
number of explosive charges.

2. DESCRIPTION OF THE FACILITY

2.1 Rocket Motors

From aerodynamic theory of isentropic expansion it was deter-
mined that a gas flow rate of 40 to 50 1b/sec was required to achieve a
100-psi dynamic pressure in an 8-in. pipe. This determination was based on
the use of a typical ammonium nitrate rocket motor which burns at 3000 °R
and 2000 psia. Three different rocket motors were utilized in the test
series. The characteristics of these motors are gwen in the followmg
paragraphs and summarized in Table 2. 1.

Two of Thickol Chemical Company's '"Cajun' motors, in which
the propellant was ammonium perchlorate, were used. The combustion
temperature of these motors was 4520°R. These motors were readily
available and had a long history of reliability.

Rocketdyne Division of North American Aviation supplied six
"Redhead/Roadrunner” motors which could deliver approximately the
desired flow rate. These ammonium nitrate motors as they are normally
produced have nearly a 6-second burning time. By decreasing the wall
thickness and throttling the flow to increase the pressure to about 2000 psia
it was possible to reduce the burning duration for these motors to about
1.8 sec. These motors were specially modified for this work.

Four small motors ( Turbine Spinners) supplied by Rocketdyne
were used for functionality tests for various tunnel and instrument con-
figurations. Although the amount of gas generated by the Turbine Spinner
was so small that large expansion of the gas flow was needed in order to
fill the 8-in. pipe, it was still possible to conduct successful checkout
tests.

s O o BRIt e L 0, S e




TABLE 2.1. ROCKET MOTOR CHARACTERISTICS

Manufacturer

Name

Wt, 1b

Chamber pressure, psia

Burning time, sec

Propellant

Flame temperature, TC °F

Burning rate

Ratio of specific heats

Molecular weight of exhaust gas

Exhaust products % molecular
Water HZO
Carbon monoxide co
Nitrogen N>
Hydrogen H,
Hydrogen chloride HCL
Sulfur dioxide SO,
Carbon dioxide CO,
Hydrogen sulfide H,S
Sulfur S;

Solids

Rocketdyne

Turbine Sp;inne r

6.5
2000
0.7

RDS 135
2544
0.270
1,250

20.94

34.78

14,47

21.55

21.18

7.28

3.85

Rocketdyne
RH/RR
100

2000

1.8

RDS 233
2697
0.270
1.244

21,09
35.68
14.45

21,71

3.01

7.09

.15

Thiokol
Cajun
120

1200
2.8
TE-82

4160

1.25

26.5

35.1

16.6

15.3

A A R o R W LA gk




2,2 Tunnels

An 8-in. diameter pipe tunnel 100 ft long was fabricated from
bolt-flanged pipe sections approximately 20 ft in length as shown in
Figures 2.1 and 2.2. Wall thickness was 0.500 in.- The interchangeable
sections allowed for flexibility in placement and interchange of instru-
mentation. As shown in Figure 2,1, the tunnel was anchored at the for-
ward end and secured with pipe rollers at four locations.

For the investigation described in Reference 2, a 17-in. diameter
29-ft long tunnel was constructed (see Figs. 2.3 and 2. 4) for use with
Rocketdyne's Redhead/Roadrunner, Figure 2.5 (Ref. 2). The assembly
was designed for Mach 5.2 flow at a rate of 54.3 1b/sec using normal
supersonic criteria. Tunnel walls, which were 7/16 in. thick, were lined
with polished stainless steel to a thickness of 0.07 in. A 6-in. diameter
window was provided for optical measurements. 'In the middle of the tunnel
a bolted coupling allowed ready access to the model and the inside of the
windows (Figs. 2.3 and 2.4). ‘

The tunnel facilities were equipped with a reinforced concrete,
dirt covered bunker around the forward end of the tunnel as can be seen

in Figures 2.1 and 2. 2.

2.3 Instrumentation

2.3.1 General

The most difficult problem encountered involved the development
of instrumentation installations that would survive the extreme environ-
ment, Some instruments designed to operate at even higher temperatures
than those encountered in these tests could not withstand the high velocity
flow. The requirement for fast response transducers capable of measur-
ing the shock front generated as a part of the study described in Reference 2
increased the difficulties to be overcome severalfold.

Temperature effects on pressure transducers necessitated special
precautions, such as water cooling. Even temperature measurement was
difficult with such high velocity flow because of radiant and conductive heat
losses.

The location of the instrumentation is shown in Figure 2.1 for
the early tests in the 8-in. tunnel. This was later modified for tests 5
and 6 as shown on Figure 2. 6. Instrumentation locations for the 17-in.
tunnel are shown in Figures 2.3 and 2. 4.
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2.3.2 Pressure Measurement

~ Static and dynamic pressure measurements were made in order
to define the flow conditions in the tube.

The combustion pressure, as well as combustion temperature
and v, had been furnished by the rocket motor manufacturer (see Table 2.1),
and this was accepted; however, it developed later that variations of the
combustion pressure do occur which are important to have recorded for
each test.

2.3.2.1 Static Pressure

The measure of static pressure in a tunnel presented no funda-
mental difficulty. A flush mounted sensing element in the wall was generally
reliable. Temperatures at the wall were low enough and brief enough that
nonpiezoelectric transducers worked well. Water cooling was even effec-
tive on piezoelectric type transducers.

2.3.2.2 Dynamic Pressure

A direct measure of dynamic pressure, ''q," required simul-
taneous sensing of stagnation pressure, P, minus static pressure, Pg,
at or near the same point in the flow. While this was attempted with the
Broadview dynamic pressure gage(3), there were inherent mechanical diffi-
culties in such an approach, as discussed later. Separate measurements of
stagnation pressure and static pressure weremore easily achieved; however,
care had to be taken so that one measurement did not interfere with the other.
The stagnation pressure measurement is described in the next section.

Since dynamic pressure is defined as

1 2
= —pV 1

a separate approach was to measure flow velocity and density. Density was
calculated with sufficient accuracy from the pressure and temperature
measurements. Velocity measurements are described in Section 2. 3. 4.

Spectrographic techniques can be used to measure velocity as
well as temperature. Although some of the problems described above are
avoided, new ones arise with the use of high speed, high resolution photo-
graphic equipment. A Bausch & Lomb Dual Grating Spectrograph was
employed; however, its resolution capacity was insufficient, and no useful
data were obtained.
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In the Broadview dynamic pressure gage, a direct measure of
dynamic pressure is obtained with a transducer immersed in the flow
such that one side sensed the stagnation pressure while the other side
sensed the static pressure. This is done with a small piezoelectric
cylindrical tube crystal mounted in a thin, flat strut. A stagnation baffle
stagnates the flow adjacent to one side of the crystal. Since the two
pressures opposed each other, the crystal output is relatable to dynamic
pressure. The crystal was protected from temperature effects by water
cooling and thin diaphragms; however, no cooling for the strut structure
was provided. Consequently, the hot flow from the Cajun motor eroded
the leading edge and piled molten stainless steel on the stagnation baffle
which in turn plugged the pressure port (see Fig. 2.7). While the prin-
ciple of the Broadview Gage seemed to be sound, the cooling capacity was
not sufficient for withstanding the rocket tunnel environment. Of course,
other instrumentation components suffered also, see Figures 2.8 and 2.9. |

Pressures were also measured in a midstream sting mounted
model (17-in. tunnel only), see Figure 2.10, which also served as the
model for the schlieren equipment described in Section 2.3.4.2. The
model pressure measurements were taken for the purpose of determining
shock loading for the research in Reference 2.

2,3,2.3 Stagnation Pressure

In supersonic flow, the relation between Py and M becomes
complicated by the existence of a shock formed in front of the impact probe:
(Fig. 2.11). To decelerate the flow isentropically to 0 at the probe mouth
requires crossing the shock front so that the stagnation pressure is measured
at subsonic velocities. A relation between Py, or total pressure before the
shock, and P{ or total pressure after the shock, is given by the Rayleigh
formula.

Using x to denote the region in front of the shock and y to denote
the region behind the shock as in Figure 2,11

2
P, 1+9Mg -
P. 2

X 1 +'yMy

from momentum and continuity and solving for T and T _ adiabatically
(eliminating by ratio the temperature), we get y

P M
X . X - (3)
Px M

T O e~
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FIGURE 2.11.STAGNATION PRESSURE PROBE
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FIGURE 2. 12, TYPICAL CORRECTION FOR SUPERSONIC PITOT TUBE
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but obviously

P
S Y N A § (4)
Py y+1 x y+1

o
)

therefore
i 'r’ . :
P v-1
oy _ {y+tl + l v-1 (5)
P, - My v+l

P_ is now the static pressure ahead of the probe. In Figure 2,12, a plot
of P, /P vs M, it can be seen that for high Mach numbers, Py /Py
becomes very large. (4) The probe used is shown in Figure 2. 13

2.3.2.4 Pressure Transducers

The three different types of pressure transducers used in the
rocket tunnel were: a bourdon tube gage, a capacitance diaphragm gage,
and a piezoelectric crystal gage. These gages were used to measure
static pressure, stagnation pressure and model pressure.

Static or side-on pressure, P, was measured by a Wiancko
bourdon tube gage. These gages employ a short section of twisted tube,
which tends to untwist when pressure is applied to the inside. Attached
to the end of the tube is a variable reluctance element acting in a push-
pull arrangement with two coils in a bridge circuit driven by a suitable
AC power supply. The output amplitude from the bridge is a measure of
pressure. .
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Kistler piezoelectric gages were also used for static pressure
measurements. Kistler gages consist of two semicylindrical natural
quartz crystal transducer elements. Because crystalline quartz is almost
unaffected by time or high temperature, they are excellent gages for not
only measuring static pressure but also for recording the passage of a
shock, the rise time for the gage being 3 microseconds as compared to
the Wiancko's 300 microseconds. These gages were laboratory tested by
SwRI to check linearity at high temperature and 3-sec duration. They are
convenient to use, since they can be calibrated using a dead-weight tester.

Stagnation pressure was measured by Photocon and Kistler
transducers. In the Photocon gage, the diaphragm in conjunction with an
insulated electrode forms an electrical capacitor, Deflection of the dia-
phragm produces small changes in capacitance, which is connected to an
inductance forming a tuned radio frequency circuit detected in an oscillator
detector. The output is proportional to the pressure applied to the trans-
ducer diaphragm. The Photocon gage was chosen for stagnation pressure
measurement because the diaphragm can be water cooled to allow pressure
measurement in mediums of up to 6000°R. The rise time for the Photocon
gage is 50 microseconds.

2.3.3 Temperature Measurement

\

Temperature measurement in a hot gas stream moving at super-
sonic speeds is a complex and difficult task. Stream temperature, T
is the temperature of a particle moving with the stream in the
absence of radiation. This cannot be measured per se. If the stream
is brought to rest adiabatically, stagnation temperature T, is reached. The
relation between stagnation and free stream temperatures is

CD,

A" cPs
2qCpg Cp,

(6)

Ty - Too =

If a probe temperature element is used, it will measure a value between
Ty and Ty,. The difference between T, and Tp is due to conduction and
radiation of the probe and surrounding elements and shear in the probe
boundary layer. (4) When the heat flows to and from the probe reach a
balance, the probe reaches its adiabatic temperature Tp,.

2
\
Tpa - Tcx) = r Zq Cpa

(7)

SR
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Combining Equations (6) and (7), we get

Tpa - T

T, - To (8)

r =

Experimentally, r is between 0.83 and 0.90.(4’ 5) Therefore, r is seen
as a correction factor for a given probe.

A Nanmac pencil probe was used to measure T_. This probe ‘
has a sensing tip in two dimensions formed with thermocouple wires
flattened to a thickness of 0.001 in., insulated by 0.002 in. of mica and
fused at the ends. The platinum-platinum 10% rhodium thermocouple is
surrounded by insulation of magnesium silicate potting inside a cylinder of
stainless steel. With a probe of this kind, stem conduction should be at a
minimum. If (ATP)C is stem conduction, then

P
(ATy), = - (9)

Because of the depth of immersion, low thermal conductivity
and heat transferred to the walls, stem conduction was minimized. The
gas will be stagnated against the probe, causing heat to be radiated to the
surrounding area. The radiant heat transfer (ATp)r is

(ATp)r = % [<%%)4_ (%%)4] : (10)

The pencil probe (Fig. 2.8) used was quite small, the immersion deep, and
the thermal conductivity of the shield low, so as to reduce this error. (4
Other errors in the probe were made small by the fast response time of

10 microseconds.

The Rosemount103-3 gageis one of the recently developed total
temperature gages which is feasible for use in the environment of a rocket
tunnel. Two of these were installed in the tunnel, see Figure 2.14. This
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gage was triple shielded with platinum ceramic shields to reduce radiation as’
shown in Figure 2.14. The thermocouple is platinum-platinum 10% rhodium.
These gages are designed for Mach 5 flow and 3000°R temperature; however,
no useful data were obtained.

An attempt was made to measure stream temperature by means
of a spectrograph. This instrument measures stream temperature, Ty,
without the difficulties of conduction and radiant heat losses. As mentioned
in Section 2. 3. 2.2, useful data were not obtained by spectrographic means.

2.3.4 Velocity Measurement

An independent approach to the measurement of dynamic pres-
sure is to measure the velocity of the gas and compute q = 1/2 pVZ. Such
an approach is the ultrasonic technique described below in Section 2.3.4.1
and in detail in' Appendix B.

Since velocities of the magmtude of 7000 fps proved difficult to
measure, an optical measure of the Mach angle of the bow wave standing
on a model was employed. The schlieren measuring technique used for
measuring velugities is described in Section 2.3. 4.2

2.3.4.1 Ultrasonic Technique

An ultrasonic acoustic wave propagating across a supersonic
flow expands at local sound velocity and is swept downstream at the
velocity of the flow. The time-of-transit of this acoustic wave from its
source to two separated receivers across the tube is relatable to these
velocities, see Figure B. 1. L

The omnidirectional acoustic wave is generated by a high voltage
source that is discharged as an arc. The pickup transducers are lead-
zirconite piezoelectric crystals coupled to the stream through a monel bar.

Transit times between a transmitted pulse and the received
pulses were measured by displaying the pulses on a dual beam oscilloscope
and recording with a moving film camera. A complete report on the SwRI
ultrasonic device is contained in Appendix B.

2.3.4.2 Schlieren Technique

The bow wave standing on a model immersed in supersonic flow
can be optically recorded with a schlieren device, Figure 2.15. The Mach
angle can then be measured and the velocity of the flow computed.
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The schlieren device detects the sharp density gradient in the
bow wave front because the refractive index of light is a function of density.
As light rays pass through the bow wave they are deflected proportional to
the refractive index which is imaged on the viewing screen. The density
gradient is conically shaped so the knife edge screens all gradients not
perpendicular to the knife edge such that only the density profile normal
to the axis of the light beam is viewed and recorded, Figure 2.16.

For the schlieren device to function, light hadtopenetrate the
relatively opaque rocket exhaust. To achieve penetration, an ultra bright,
point light source had to be used. The light used by NASA with marginal
results in a liquid rocket tunnel had an intrinisic brightness rating of
30,000 stilbs whereas the selected Pek-109 super hypressure mercury
vapor lamp could be briefly pulsed to 420, 000 stilbs by increasing the
amperage. With this, penetration was achieved, Figure 2.17.

For maximum viewing area, the schlieren chosen for the rocket
tunnel was a 6-in. diameter parallel light Toepler system with f8 parabolic
mirrors ground to 1/4 the wave length of light and with a six-way adjustable
knife edge.

As shown schematically in Figure 2.15, the schlieren device
consisted of two identical parabolic mirrors, a light source, a knife edge,
and a viewing device. The light source, S, was placedat the focal point of
the parabolic mirror, A, and the knife edge, K, was placedat the focal point
of mirror, B. The "f" factor of the mirrors hadtobe kept small to conserve
light but large enough so that a distortions were minimized.

2.3.5 Recording

A CEC 114 oscillograph was used to record the various data,
Figure 2.18. A bank of carrier amplifiers, CEC System D, was available;
however, the 600-cps carrier had response limitations. Because of this
slow response and because the galvanometers required so much transducer
output to drive them, some data were recorded on dual beam oscilloscopes,
which were triggered by a cam timer that programmed all the events that
were timing-critical.

2.4 Shock Wave Generator

2.4.1 Ring Housing

The pressure rise upon ignition for nondiaphragmed motors was
so slow (50 ms) that a separate shock generator was developed. Multiple
explosive charges housed circumferentially in a massive steel ring were




(a) Shot 5 (Schlieren Windows Were Not Parallel)
Note Faint Bow Wave

(b) Shot 9 (Picture Is Both Over and Underexposed)

FIGURE 2,17. SCHLIEREN PICTURES
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simultaneously detonated into the rocket flow at a preselected time. As
shown in Figure 2.19, the ring inside diameter was flush with that of the
tunnel so as to minimize disruption of the supersonic flow. In the wall of
the ring, 8 cavities were machined for 8 cylindrical charges of 8 grams of
pentolite each. The charges were protecte& from the hot gases by a teflon
cup with a thin "face' that would blow off upon detonation. Based on pre-
liminary tests, the thin teflon face had to be less than 50 mils to prevent
containment of the explosive shock pressure.

2.4.2 High Voltage System

The multiple charges must detonate simultaneously so that a
strong clean shock front is generated. Detonation times at the usual
detonation voltages vary so much that a high voltage firing circuit was
developed. The system developed had a 3-microfarad storage capacity
charged to 20 KV giving 600 joules of energy which could be discharged at
any preselected time.

This shock ring generator technique was employed in shots 5
and thereafter for both the 8-in. and 17-in. tunnels, as can be seen in

Figures 2,2 and 2. 5.

3. EXPERIMENTAL PROGRAM

3.1 General

Experiments with rocket motors had been planned to include
only 4 shots under the initial phase of the contract. Although the 8 shots
that followed were primarily under the broadened scope to study the
re-entry environment, the tunnel flow characteristics were very similar
to the environment desired, therefore valuable data can be derived for
evaluation of the objectives of the initial scope of the contract. Conse-
quently all 12 experiments are described in this section. An outline of
each test is presented in Table 3.1.

Since there existed very little information in the literature on which
performance of the motor exhaust flow could be predicted or treated theo-
retically, each test constituted a stepping stone to probe for data as well
as to improve the results obtained from the previous test. Many problems
did not become evident until after a test run. This manner of testing
naturally subjected the program to apparent failures when, in fact, nega-
tive or poor data may have been extremely valuable in planning the follow-

,ing test. Flexibility in making changes was exercised throughout the pro-
gram.
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-

Test

No.

10

11

12

TABLE 3.1. EXPERIMENTAL PROGRAM

Duration
Tunnel of Types of
Size Burning Instrumentation or
.D. {in.) Motor (sec) Measurements Objective of Test
7-5/8 Turbine- 0.7 P'. T’. Ultrasonic To check the firing circuit and operation of all gages and
Spinner- Velocity recorders.
1
7-5/8  Cajun-1 2,8 Py, T, Ultrasonic To obtain a high dynamic pressure in the tunnel. To
Velocity, Q-Gage determine chokeage effects in the flow,
7-5/8  Turbine- 0.7 P,. T4, Ultrasonic To determine if the BRC-Q-Gage would take a lower
Spinner- Velocity, Q-Gage, temperature level,
2 r-f shift doppler To provide an additional test at low velocity for the
ultrasonic measurement.
To verify a very low tunnel static pressure measurement
recorded in the tunnel with the first T-S motor.
7-5/8 Cajun-2 2.8 Pg, Tg, Ultrasonic To test shock input on flow using Y section.
Velocity, Q-Gage To attempt a dynamic pressure measurement using the
second BRC-Q-Gage.
To correlate with the results of Test 2.
7-5/8  Turbine- 0.7 P, Py, Ty, Ty, To check operation of the shock generator rings.
Spinner- Schlieren, Shadow- To observe the flow over a cone shape using a Schljeren
3 graph _ and shadowgraph.
To observe the luminosity of the flow through a glaas
section,
To check the operation of new gages and recorders,
7-5/8  Redhead/ 1.8 P, P, T, Ty To obtain a high dynamic pressure in the tunnel using a
Roadrun- Shadowgraph different propellant than in Tests 2 and 4.
ner-1 Spectrograph To measure the flow velocity using a Mach angle measure-
ment or spectrograph data.
To measure a shock input on a supersonic flow.
17 Redhead/ 1.8 Py, P, Tg, Schlieren To obtain Mach 5 flow.
Roadrun- Spectrograph, Model To determine the shock loading on a model.
ner-2 To measure the flow velocity.
17 Redhead/ 1.8 Same as Test No. 7 Same as Test No. 7
Roadrun-
ner-3
17 Redhead/ 1.8 Same as Test No. 7 Same as Test No. 7
Roadrun-
ner-4
17 T.S.-4 0.7 Same as Test No. 7 To check operation of all tunnel components, First
test with new model.
17 Redhead/ 1.8 Same as Test No. 7 Same as Test No. 7 with additional checks on H.V, system,
Roadrun-
ner-5
17 Redhead- 2.2 Same as Test No. 7 Same as Test No. 7.
Roadrun-
ner-6

33
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3.2 Test Procedures

3.2.1 Preliminary Preparations

Calibration of all transducers was conducted with the complete
systems. Pressure transducers were dead weight and vacuum calibrated
with their full lead length and with serialized amplifiers. Temperature
effects on pressure transducers were evaluated.

Thermocouples were checked; however, there was no facility
to calibrate conductance and radiant heat losses.

Mountings for transducers were prepared and water cooling
provided. Connections and circuits were checked. Electrical isolation,
shielding and grounds wereinstalled as required.

The rocket motors were checked for fit to the tube, for proper
diaphragms and for‘proper igniter. Firing circuits were checked for
integrity of safety interlocks and continuity and for sufficient firing voltage.

The program timer was preset so that it would prestart the
cameras, pretrigger the oscilloscope sweeps, fire the rocket motor and
trigger the high voltage explosive detonation system in sequence. This
unit was rechecked many times and again just prior to countdown to insure
its proper functioning. A typical time sequence is shown in Table 3.2.

As a preliminary check of the functioning of all complete systems,
high explosive shots were conducted and data were taken as in rocket firings.
This also confirmed the adequacy of timing sequences and the time response
of instrumentation.

After pressing the firing button, there was an approximate 50-
millisecond delay as the igniter started the motor. The peak pressure and
flow were not attained until about 100 milliseconds. Adequate tunnel con-
ditions were usually not established until 200 milliseconds, and the explo-
sive charge was always fired after 250 milliseconds. The records indicated
that the best flow for the 2 -second motors was usually after 1.2 sec.

. After each test the tunnel was broken down, cleaned and repairs
made. All gages and instruments were recalibrated and, when necessary,

modifications made to improve their performance.

3.2.2 Safety Procedure

The procedure of each test, to insure maximum safety of per-
sonnel, was to prepare everything possible before the explosives were
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35

TABLE 3.2. TYPICAL TIMING SEQUENCE

Water s/upply to water-cooled gages turned on.
Spectrograph shutter opened.

Nitrogen for cooling model turned on.

Pek light turned on under low amperage.

High voltage discharge capacitors charged.
Motor and explosive firing leads connected.
Documentary camera started,

Timer sequence started, CEC Oscillograph started.
Pek light amperage increased from 5 to 30 amps.
Salt water injector started.

Oscilloscope sweep initiated.

Motor firing pulse initiated.

Schlieren and Shadowgraph high speed cameras
started.

Explosive charge fired from HV capacitors.

High speed cameras stopped.

Pek light turned off.

Salt water injection stopped,

Timer sequence completed.

CEC Oscillograph stopped.

Nitrogen and water supply turned off.




inserted and the rocket motor was attached, see Figures 2.2 and 2.5,
then make fine adjustments and last minute preparations, arm and fire. .
A typical procedure was as follows:

(1) prepare all instrumentation and equipment,

(2) insert explosives and attach |rocket motor, and
connect firing lines,

(3) adjust schlieren equipment, charge high voltage
capacitors, adjust zero, expose grids, check triggers
and open camera shutters of all the oscilloscopes,
etc., and

(4) close safety interlocks of firing circuits and fire.

3.3 Chronological Discussion of Test Results

3.3.1 General

Much of this discussion will be directed towards conditions
existing at the tunnel entrance (nozzle exit), for it is here that theory will
most likely correspond with the measured values. This should not be
construed as stating that the state of the flow cannot be reasonably deter-
mined for downstream points, but only that a rigorous treatment cannot be
applied due to the effect of friction, heat transfer to the walls, etc. Test
results for each test are shown in Table 3.1.

3.3.2 Testl

Upon completion of the calibration and installation of pressure
and temperature transducers (4 each) and recording equipment, the first
motor, a Rocketdyne 6-1/2-1b gas generator, was mounted in the 8-in.
tunnel and fired. Data were recorded with complete success except for the
ultrasonic system which malfunctioned.

The pressure and temperature records are shown in Figures A.1l
and A.Z2, respectively. This motor had a specially designed igniting dia-
phragm located just upstream from the throat. A shock was observed to
precede the flowin the tunnel propagating at an average velocity comparable
to the free air value. A peak shock overpressure of more than 38 psig was
recorded 2.9 ft down the 8-in. tunnel. The shock wave intensity decreased
exponentially in a fashion similar to a classical shape reaching zero gage
pressure after approximately 250 milliseconds. The peak pressure of the
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initial shock had decayed to 18 psig by the time it had reached station 4
(99.7 ft) which was 3 ft from the end of the pipe. The duration of this
shock pulse at station 4 was 200 milliseconds. A comparison of the

shock attenuation to that predicted by BRL(6) in their studies of shock

in tunnels indicates a slightly greater rate in this case; however, the
difference is only 8 percent between the first two stations. Transfer of
heat from the boundary layer to the wall could account for this cifference.
After several milliseconds, the sustained gas generation within the motor
caused an expansion wave to propagate part way down the tube (until the
flow was choked by friction). Flow behind this wave is supersonic; how-
ever, no factual measure of velocity was achieved to validate this. A sur-
prising negative pressure of -11 psig was measured at station 1 and -12
psig at station 2 after passage of the first shock and lasted until motor
burnout. The pressures recorded in this test represent conditions assoc-
iated with overexpansion of the gas flow. Without a measurement of the
change in stagnation pressure and temperature, it is difficult to predict
theoretical gas behavior under the boundary conditions imposed. Also,

the propagation of high strength initial shock down the tunnel changes the
steady-state flow conditions based on isentropic flow through a nozzle

into a tube at ambient pressure. Instead of a pressure ratio of 136 between
the motor and the back pressure on the nozzle, the shock wave decay could
have introduced a ratio as high as 1000. The velocity obtained is a function
of the pressure ratio and temperature. Thus, the low absolute pressures
recorded on the first and second gages indicated a very high velocity.
Somewhere down the tunnel, diffusion or choking occurred with the velocity
passing from supersonic to subsonic. That this occurred is substantiated
by an approximate calculation using an estimated density and measured
pressures and temperature for the time 0.5 sec at gage 3. This com-
putation yielded a MachNo. of about Mach 0.7. The sonic transition of
flow would have occurred between gages 2 and 3. Early analysis of the
data led to the opinion that the flow had not filled the tunnel during the early
times, resulting in a nonuniform velocity profile. However, the initial
shock would have progressed as a plane wave with the exception of the
boundary layer thickness and could have established conditions under which
the tunnel would have been filled. The pressure at stations 3 and 4 was
about ambient with some oscillation noted at station 3. There was evidence
of shocked separation during expansion in the nozzle. If this happened

the first station could have been within the exhaust diamonds formed by
rocket exhausts when overexpanded. This would have explained the 1-psi
difference in negative pressure between stations 1 and 2. The flow must
have filled the tunnel at station 2 with some loss in theoretical velocity.
The best flow conditions can be deduced as occurring at station 2 with
chokeage at or near station 3. Thermocouple records reflected a slow
rise to about 500°F at burnout. Itisbelievedthat these readings represent
a value between the flow temperature and the stagnation temperature.
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It is interesting to observe that the temperature at station 4 only rose to
290°F. Theory would dictate that the temperature increase as the velocity
decayed down the tunnel. The fact that this did not occur shows heavy loss
of flow temperature to the tunnel walls which acted as a heat sink.

The Broadview Gage, DQ-1, was installed at a location of 13 ft
from the entrance of the tube for the second test and was checked by the
Broadview representative. (3)

3.3.3 Test 2

The second motor, Thiokol's Cajun, was fired after recalibration
of the gages. Again data were successfully recorded; however, ultrasonic
records were completely masked by the high background noises present in
the tunnel. The Broadview Gage initial signal was strong (extrapolated to be
about 73 psi) but dropped off so rapidly that the temperature effect on the
crystal must be earlier than anticipated. Pressure and temperature
recordings again indicate combustion gas generation up to expansion con-
ditions and an expansion wave moving down the tube followed by super-
sonic flow. The Broadview Gage initial signal of 73 psi substantiates the
existence of supersonic flow (Fig. A.3). Computations based on a dynamic
pressure of 73 psi and the average measured temperature and pressure
level at 0.25 indicate a Mach 2. 4 flow.

The pressure and temperature records are shown in Figures A. 4
and A.5, respectively. The presence of an initial shock is again observed
even though a diaphragm was not used. This shock did not follow the classi-
cal waveform as in the first test. Chokeage of the high velocity flow indi-
cated by the pressure record at station 3 appeared to cross the gage at
station 2 (34. 3 ft) after 1.55 sec. The thermocouple at station 1 did not
record distinctly after 250 milliseconds; however, a trace could be esti-
mated to reach about 2700 °F after 2 sec. No temperature reading was
recorded at station 4.

The hot, high velocity gases severely eroded all components
protruding into the flow near the entrance of the pipe. The stainless steel
wafers protecting the temperature probes had their leading edges blown
completely off as was a portion of the shank of the probe, Figure 2.8.
The Broadview Gage, DQ-1, sustained severe damage to all exposed sur-
faces, especially the leading edges, Figure 2.7. The gage was returned
to Broadview for inspection.
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difference is only 8 percent between the first two stations. Transfer of
heat from the boundary layer to the wall could account for this cifference.
After several milliseconds, the sustained gas generation within the motor
caused an expansion wave to propagate part way down the tube (until the
flow was choked by friction). Flow behind this wave is supersonic; how-
ever, no factual measure of velocity was achieved to validate this. A sur-
prising negative pressure of -11 psig was measured at station 1 and -12
psig at station 2 after passage of the first shock and lasted until motor
burnout. The pressures recorded in this test represent conditions assoc-
iated with overexpansion of the gas flow. Without a measurement of the
change in stagnation pressure and temperature, it is difficult to predict
theoretical gas behavior under the boundary conditions imposed. Also,

the propagation of high strength initial shock down the tunnel changes the
steady-state flow conditions based on isentropic flow through a nozzle

into a tube at ambient pressure. Instead of a pressure ratio of 136 between
the motor and the back pressure on the nozzle, the shock wave decay could
have introduced a ratio as high as 1000. The velocity obtained is a function
of the pressure ratio and temperature. Thus, the low absolute pressures
recorded on the first and second gages indicated a very high velocity.
Somewhere down the tunnel, diffusion or choking occurred with the velocity
passing from supersonic to subsonic. That this occurred is substantiated
by an approximate calculation using an estimated density and measured
pressures and temperature for the time 0.5 sec at gage 3. This com-
putation yielded a MachNo. of about Mach 0.7. The sonic transition of
flow would have occurred between gages 2 and 3. Early analysis of the
data led to the opinion that the flow had not filled the tunnel during the early
times, resulting in a nonuniform velocity profile. However, the initial
shock would have progressed as a plane wave with the exception of the
boundary layer thickness and could have established conditions under which
the tunnel would have been filled. The pressure at stations 3 and 4 was
about ambient with some oscillation noted at station 3. There was evidence
of shocked separation during expansion in the nozzle. If this happened

the first station could have been within the exhaust diamonds formed by
rocket exhausts when overexpanded. This would have explained the 1-psi
difference in negative pressure between stations 1 and 2. The flow must
have filled the tunnel at station 2 with some loss in theoretical velocity.
The best flow conditions can be deduced as occurring at station 2 with
chokeage at or near station 3. Thermocouple records reflected a slow
rise to about 500°F at burnout. Itisbelievedthat these readings represent
a value between the flow temperature and the stagnation temperature.
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TABLE 3.3. LOCATION OF INSTRUMENTS ON DRAG FACILITY

No.

No.

No.

No.

FOR TEST NO. 4

Gage

Pressure Gage
Thermoéouple
Pressure Gage
Pressure Gage

Thermocouple
Ultrasonic Section

Pressure Gage
Pressure Gage

Thermocouple
BRC Gage

Pressure Gage

Thermocouple

Distance from Station 0

2 ft 10-1/2 in,
34t 2-1/2 in,
16 ft 4 in.

28 ft 4 in.

28 ft 8 in.
30 ft 6 in.

43 ft 6 in.
60 ft 5-1/2 in.

60 ft 9-1/2 in.
82 ft 3-1/2 in.

103 ft 3-1/2 in.

103 ft 7-1/2 in.
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junction of sufficient strength could have caused the signal. The shock
applied from the lateral had been precalibrated to equal 70 psi at gage
No. 2. This is more than was actually recorded in this test; however,
the ambient pressure was much higher.

The records from Tests No. 2 and 4 in which the hot burning
perchlorate motor with a mass flow of 42 1b/sec was used reflect a closer
approach to theoretical flow behavior. However, the environment in which
the measurements had to be taken makes the reduction of data very diffi-
cult. The greatest source of error is in the temperature measurements,
This is particularly true for Test 4 when the gages appeared to short out
or pick up a negative ion charge from the ionized flow.

At this point in the program the scope of work was revised and
a more sophisticated program undertaken. Efforts to improve the tunnel
and instrumentation would enable higher flow velocities and better shock
wave inputs to be examined.

3.3.6 Test5b

The fifth test consisted of the firing of a third Rocketdyne Turbine-
Spinner. Many additional measurements such as stagnation pressure and
temperature and a Mach angle measurement of velocity were attempted.
A new type of shock generator was designed (Fig. 2.19) and installed.
Also, a spectrograph was installed to assist in pressure and temperature
measurements,

Pressure measurements are given in Figures A.11, A, 12, A.13,
A.l4 and A.15. The location of the gages is shown in Figure 2.6 and Table
3.4. The explosive charge in the shock ring generator was timed to fire
at approximately 0.5 sec after motor ignition.

The motor was ignited as planned and the charge fired at about
0.49 sec. Two 8-gram charges were used. As observed in Tests 1 and 3,
an initial shock was present; however, the duration appeared shorter.
This was possibly due to the shorter tunnel used in this test. A shock input
in excess of 35 psi lasting for about 10 milliseconds was recorded on the
Wiancko gages.

All of the oscilloscoperecords were of such poor quality as to
be unacceptable. Investigation revealed a ground loop was set up between
one of the Photocon gage amplifiers and the ground circuit on the oscillo-
scopes.
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TABLE 3 4. INSTRUMENT LOCATIONS FOR TESTS 5 AND 6

Quantity Distance from
Station Measured Gage Tunnel Entrance
1 T, Rosemount No. 1 2' - 0"
1 Py Photocon No. 1 2' - 0"
1 P Wiancko No. 1 2' - 10"
l TW Nanmac No. 1 3t . 2M
1 P, Photocon No. 2 2' - 10"
2 Shock Ring 6' - 3"
3 T, Rosemount No. 2 11" - o"
3 T, Nanmac No. 2 11 - o¢
3 Pt Kistler No. 1%* 11" - o"
3 P, Wiancko No. 2 12" - 6"
3 P, Kistler No. 2 12" - 6"
Schlieren 14' - "
4 . Ps Wiancko No. 3 19' - o"
4 Ty Nanmac No. 3% 19' - o"
Shadowgraph 20' - 6"

*Not used on Test 6
**Not used on Test 5
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A Photocon and a Wiancko static gage were paired at station 1.
The Photocon only measured 20 psi initial shock whereas the Wiancko
showed 61 psi. The response of the Photocon being better than the Wiancko,
this variation cannot be explained. Correlation with the other measure-
ments indicates that the Photocon was in error.

The high flow rate blew out the shielded thermocouple (see
Fig. 2.14) in the Rosemount No. 1 stagnation temperature gage even though
the manufacturer had felt sure that it would perform properly. The other
thermocouple appeared to record a reasonable level; however, the ground
loop oscillations previously described prevented an accurate reading.

The glass section used in conjunction with the shadowgraph was
photographed in color. The flow appeared as a brilliant orange plasma
followed at burnout by a dense, black smoke which coated the entire interior
of the tube with black particles. No record was obtained from the shadow-
graph.

The schlieren was successful in penetrating the flow; however,
no density gradients were apparent in the picture, Figure 2.17. The
problem of knowing in advance just how much light would pass through
made any prospect of a clear picture very marginal. Also, the film was
developed commercially; therefore, no flexibility in development time was
possible. The light was pulsed at the rate of 15 times a second to an
amperage of 11 amps over the normal 5. This was not entirely satisfactory.
The operation of the schlieren equipment was considered to be partially
successful under these handicaps.

3.3.7 Testb

Test No. 6 utilized the '""Readhead/Roadrunner' motor with the
8-in. tunnel. The instrumentation used was basically the same as in
Test No. 5 (see Table 3.4). Again a shock was imparted on the main flow
after about 260 milliseconds using two 8-gram charges from Maryland
Assemblies. The charges were fired using a 12-KV capacitance discharge.
The pressure and temperature records are given in Figures A. 16, A.17,
A.18, A.19, A.20, and A.21. An initial shock of about 30 psi preceded
the flow. The shock generator produced a shock of more than 40 psi at
the first gage station. Stagnation pressures of over 100 psi were measured;
however, the stagnation probe failed after about 1.2 sec. The leading edge
near the base was completely eroded on one side allowing the probe to fold
back in the direction of the flow.
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High static pressures were measured at station 3. These
decreased to about 20 psi after 600 milliseconds. The Kistler gage used
to measure the static pressure drifted as a result of a zero line shift after
about 300 milliseconds. One thermocouple failed to respond after 1.5 sec.
The apparent flow temperature was about 1100°R.

A dynamic pressure of 140 psi was predicted at the first gage
station. Using the measured stagnation and static pressure, a dynamic
pressure of 150 was computed. A Mach of 3.7 was predicted for this
point, and a measured value of Mach 3.5 was computed using the pressure
and temperature measurements.

A Vang tube was used to provide 45 amps to the schlieren light.
Again it was possible to see through the flow with the schlieren system;
however, the Pek light failed after the firs<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>